The ultrastructural distribution and immunological accessibility of the variable surface proteins VspA, VspB, VspC and VspD were determined by immunoelectron microscopy on the surface of negatively stained cells of Mycoplasma bovis PG45 and 18 subclones, expressing either one or two of the Vsps. The variable proteins VspA, VspB, VspC and VspD, recognized by two monoclonal antibodies (mAb 1E5 and mAb 87-2) and visualized by goat-antimurine-lgM labelled with gold particles, showed identical distribution patterns on the surfaces of the cells of all M. bowis clones investigated. Gold particles were distributed over the whole cell surface, arranged in clusters. The cell form seemed not to have an influence on the decoration pattern. Gold particles were also observed in irregular distributions around the cells. All clones showed unlabelled cells as well as strongly and weakly labelled cells. There were in general, however, no significant differences in the percentages of unlabelled, weakly labelled and strongly labelled cells, either between clones expressing different Vsps or between individual clones. No correlations were found between the numbers of labelled cells in immunoelectron microscopy and the numbers of labelled colonies in immunobinding assay (IBA) originating from the same broth cultures. The percentage of positive colonies in IBA was generally much higher than the percentage of positive cells in immunoelectron microscopy. The results show that the cells of the M. bowis clones are not identical, but differ in their surface antigens, and reveal the high variable potential of this species.
INTRODUCTION
Mljcoplasma bovis is the causative agent of mastitis, pneumonia, arthritis and fertility disorders in cattle (Pfutzner, 1994) . As for several other mycoplasmas (Bencina e t al., 1992; Bhugra & Dybvig, 1992; Droesse et al., 1992; Olson e t al., 1991 ; Rosengarten & Wise, 1990 Stevens & Krause, 1990; Talkington e t al., 1989; Theiss e t al., 1993; Watson et al., 1989 Watson et al., , 1990 Wise e t al., 1993) antigen-and phase-variation has been demonstrated for M. bovis (Behrens e t al., 1994a; Rosengarten e t al., 1994) . In previous investigations three different size-and phase-variable proteins were detected on the surface of M.
Abbreviations: Vsp, variable surface protein; IBA, irnrnunobinding assay.
bovis, designated as Vsps (variable surface proteins), i.e. VspA (65 kDa), VspB (46 kDa) and VspC (77 kDa) (Behrens e t al., 1994a; Rosengarten et al., 1994) . These proteins could be metabolically labelled with [35S]cysteine and [3H]palmitate, and produced characteristic ladder patterns in SDS-PAGE after digestion with carboxypeptidase Y. VspA, VspB and VspC represent the most immunogenic proteins of M. bovis in naturally infected hosts (Behrens et al., 1994a) . A fourth Vsp of M. bovis PG45, namely VspD, was detected recently (unpublished data).
There have been no previous reports describing the distribution of the Vsps on the cell surface. In the present study the ultrastructural distribution and immunological accessibility of the Vsps on the surface of M. bovis were investigated by immunoelectron microscopy.
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METHODS
Mycoplasma strain, cultivation and generation of clonal lineages. M. bovis PG45, originally isolated from a cow with mastitis (Hale et al., 1962) , was grown at 37 OC in standard medium (Aluotto e t al., 1970) , containing 10 % heart infusion broth (Oxoid), 10 YO (v/v) heat-inactivated horse serum, 5 YO (w/v) yeast extract (Oxoid) and 2 x lo3 IU penicillin G ml-' (Hoechst). Stocks of M. bovis PG45 used for generating clonal lineages were prepared from a late-exponential-phase broth culture and stored at -80 OC. The cloning procedures have been described in detail previously (Rosengarten e t al., 1994; Tully, 1983) . Briefly, frozen stocks of M. bovis PG45 were thawed, serially diluted [in some cases after passing filter membranes (0.45 pm pore size, Millipore)], plated on standard medium containing 1 YO (w/v) heart infusion agar (Oxoid) instead of infusion broth and incubated for 6 d at 37 "C in an atmosphere with 5 % CO,. Well-isolated single colonies were picked up with a Pasteur pipette, transferred to standard broth medium and propagated for 3 d at 37 OC. Cloning was repeated two to nine times.
The following clones from different clonal lineages of M. bovis PG45 were selected for immunogold microscopic investigations : clones 1,2,3,4 and 5, expressing only VspC; clones 6, 7 and 9, expressing only VspA; clone 8, co-expressing VspA and VspD ; clones 10 and 11, co-expressing VspA and VspB ; clones 12 and 13, expressing only VspB; clones 14, 15 and 17, expressing only VspD; clone 16, co-expressing VspC and VspD ; and clone 18, expressing none of the Vps but a cluster of five distinct proteins, which are also produced by the type strain M. bovis PG45.
Monoclonal antibodies (mAbs).
Two mAbs were used: mAb 1E5, reacting with VspA, VspB, VspC (Behrens et al., 1994a; Rosengarten e t al., 1994) and VspD (unpublished data); and mAb 87-2 (Rasberry & Rosenbusch, 1992) , binding to VspA and VspC only, but recognizing a cluster of proteins present in the type strain M. bovis PG45 and in clone 18 (unpublished data). mAb A-32, produced against M. arthritidis, was used as negative control. The mAbs were identified as IgMs and used as hybridoma culture supernatants.
SDS-PAGE and immunoblotting.
Electrophoresis was performed by the method of Laemmli (1970) with 9% (w/v) polyacrylamide gels containing 3 % (w/v) urea (Riehtman et al., 1987) . A 100 p1 sample of a culture (2 x 10' cells ml-') was centrifuged at 12 000 g for 7 min. The pellets were rinsed twice with PBS [2.7 mM KCI, 15 mM K2P04, 137 mM NaC1, 8 mM Na2HP04, pH 7-2 (Merck)] containing 0.5 mM phenylmethylsulfonyl fluoride (Sigma) and resuspended in 100 pl sample buffer [62*5 mM Tris, pH 6-8 (Serva), 2 % (w/v) SDS (Serva), 10% (v/v) glycerol (Merck), 5 % (v/v) 2-mercaptoethanol (Sigma), 3 YO (w/v) urea (Serva) and 0.2 YO bromophenolblue (Serva)] (Riehtman e t al., 1987) . The lanes of the gels were loaded with approximately 2 pg total cell protein (Bradford, 1976) Towbin e t al. (1979) . The blots were blocked overnight with 3 % (w/v) bovine serum albumin (Serva), washed three times with PBS-Tween (0.1 %, Merck), incubated overnight with a 1 : 100 dilution of mAb 1E5 or a 1 :Cdilution of mAb 87-2, rinsed three times with PBSTween and incubated for 2 h in peroxidase-labelled goat-antimurine-IgM (Biogenzia Lemania). They were then washed three times with PBS and developed with 4-chloro-1-naphthol (Aldrich) as substrate (12 mg 4-chloro-1-naphthol, 4 ml methanol, 20pl H 2 0 2 , 20ml PBS) (Rosengarten e t al., 1994) . Molecular masses were determined with prestained protein standard markers (low range, BioRad).
lmmunobinding assay (IBA). The IBA was performed according to Kotani & McGarrity (1985) , with slight modifications (Rosengarten e t al., 1994) . Briefly, nitrocellulose filters (0.45 pm pore size, BA 85, Schleicher & Schuell) were placed for 5 min on mycoplasma colonies grown on standard medium.
The filters were then incubated overnight in mAb 1 E5 (diluted 1 : 100 with PBS), washed three times with PBS and incubated for 2 h with peroxidase-labelled goat-anti-murine-IgM (second antibody). The filters were rinsed three times with PBS and stained with chloronaphthol (see above).
lmmunogold labelling. Mycoplasmas were grown in standard medium at 37 "C for 72 h. Samples (1.8 ml) of the cultures were fixed with 200 p1 glutardialdehyde (25 %, v/v, Merck) for 10 rnin (Rosengarten, 1985) . After centrifugation at 7000 g (15 "C, 8 min) the pellets were rinsed three times with buffer
in PBS], resuspended in 1 ml of a 1 : 30 dilution of mAb 1E5 or a 1 : 2-dilution of mAb 87-2 in the buffer described above and incubated overnight at 4 "C. Cells were then collected by centrifugation, rinsed twice with buffer and resuspended in a 1 : 40 dilution of goat-anti-murine-IgM, labelled with 5 nm colloidal gold particles (Amersham Buchler). After 2 h incubation the cells were again washed twice with PBS and resuspended in 40 p1 PBS. As negative controls mAbs 1E5 or 87-2 were omitted or replaced by mAb A-32, not reacting with
M. bovis (unpublished data).
Unfixed cells were used in parallel to exclude an influence of fixation on immunostaining.
Negative staining. This was performed by the method of Cole (1 983), with slight modifications. Ten microlitres of the immunogold-labelled culture were dropped on a copper grid (BalTec) with a pioloform layer (Dr Hert, Munchen). After 6 min incubation the fluid was absorbed by a piece of filter paper and replaced by 10 p1 1-25 % (w/v) ammonium molybdate solution (pH 7.4) (Serva). The fluid was removed in the same way as described above after 30 s, and the grid dried overnight in an exsiccator before being observed in the electron microscope (EM 10, Zeiss).
Statistical evaluation. Statistical analysis of significance was performed at the 95 % probability level.
RESULTS
The negatively stained M. bovis cells showed a variety of distinct morphotypes also found in earlier electron microscopic investigations (Stanarius e t a/., 1981 ; Thomas et al., 1987) . There were round and rodlike cells, but also large filamentous structures (see Kirchhoff, 1992) , nor other distinct morphological regions, could be detected on the cells of M. bovis.
Western blot analyses with mAb 1E5 and/or mAb 87-2 demonstrated that clones 1, 2, 3, 4 and 5 expressed only VspC ; clones 6,7 and 9 only VspA ; clones 12 and 13 only VspB; and clones 14, 15 and 17 only VspD. Two Vsps were expressed by the other clones and the type strain PG45 : VspA and VspD by clone 8 ; VspA and VspB by clones 10, 11 and strain PG45 ; and VspC and VspD by clone 16. None of the four Vsps was expressed by clone 18, but this clone expressed a cluster of five distinct proteins (50, 36, 35, 34 and 33 kDa) . This cluster was produced also by strain PG45 (Fig. 1) . Ladder patterns, representing size variants of the Vsps, were produced by cases an accumulation of gold particles could be observed at one pole of the cell (Fig. 3, cells 4 and 5) . The variety of labelling patterns was observed in all M. bovis clones investigated. This indicates that there is no difference in the distribution of VspA, VspB, VspC and VspD on the cell surface, since most of the clones investigated expressed only one of the four Vsps. Statistical analysis of significance at the 95% level showed that there were no significant differences in the quantity of strongly labelled, weakly labelled and unlabelled cells, either between clones expressing different Vsps or between individual clones, with the following exception (see Table 1 ). Clone 18, which did not react with mAb 1E5 in Western blot analyses, revealed a significantly lower percentage of labelled cells in immunoelectron microscopic analyses (2-4 %) than the other clones investigated (these cells could not be demonstrated in the Western blot analysis, probably due to their small number). Clones coexpressing two Vsps (Fig. 1) were not more strongly labelled with gold particles, nor did they show a higher percentage of labelled cells, than clones expressing only one of the Vsps, with the exception of clone 8, coexpressing VspA and VspD. The percentage of labelled cells of clone 8 was significantly higher than the percentage of labelled cells of all other clones (Table 1) .
In IBA analyses with mAb 1 E5 most of the clones showed a high percentage of positively reacting colonies (Table  1) . With the exception of strain PG45 and clone 18 the percentage of positive colonies in IBA was significantly higher than the percentage of positive cells in immunoelectron microscopy (Table l) , although the same broth cultures of the M. bovis clones were used for both studies :
the cells of one part of the broth culture were fixed and immunolabelled for electron microscopy and the cells of the other part plated on the agar plates used for IBA. Different numbers of cells were labelled by mAb 1E5 and mAb 87-2 (Table 2) . With the exception of clone 18 the percentage of cells labelled by mAb 87-2 was significantly lower (at the 95 % significance level) than the percentage of cells labelled by mAb 1E5 (Table 2) .
No gold particles bound to the cells of any of the clones when mAb 1E5 or 87-2 was omitted or replaced by mAb A-32 (directed against M. arthitidis) (data not shown).
DISCUSSION
Immunogold electron microscopy with two mAbs against a family of Vsps was employed to define the topography of the Vsps on the surface of single M. bovis cells. It appeared that the Vsps are indeed located on the surface of the cell, as indirectly shown by previous biochemical investigations (Behrens et al., 1994a; Rosengarten e t al., 1994) and that they are not masked by other structures. All clones investigated showed the same decoration patterns, i.e. strongly, weakly and unlabelled cells. Forsyth et al., 1992 ; Hu e t al., 1982 Hu e t al., , 1987 Razin & Jacobs, 1992) . The accumulation of gold particles at one pole of the cell that was often observed (Fig. 3, cells 4 and 5) could mean that there is an accumulation of Vsps, which possibly may have an adherence function. A distinct terminal structure has not been observed so far on M. bovis. This does not exclude, however, the presence of a privileged adherence region at the cell surface. It has also to be considered that the form of terminal structures varies between the different myco-plasma species, often being not markedly developed (Kirchhoff, 1992 The filamentously arranged gold particles around the cells (Fig. 2, cell 4; Fig. 3, cell 1; Fig. 4, cell 6) give the impression that there are filamentous structures on the cell surface to which the gold particles bind. Very similar arrangements of gold particles around the cells have been observed in the immunoelectron microscopic demonstration of an outer-membrane adhesin of Haemophilm parainjneqae (Liljemark et al., 1992) and of the Opa proteins of Neisseria gonorrhoeae (Robinson et al., 1988) with specific mAbs. In the case of neisseriae the gold particles bound to membranous structures intercalating between the bacteria and the host cells (Nyberg et al., 1990) . It seems not impossible that similar structures may be formed by the Vsps of M. bovis. That the Vsps extend beyond the cell surface was indicated by their progressive degradation by treatment of whole M. bovis cells with carboxypeptidase Y (Behrens e t al. , 1994a) .
Occasionally increased depositions of gold particles were observed between two adjoining cells (Fig. 2) . These accumulations are probably artefacts. Since most of the mycoplasma cells are more or less coccoid, furrows exist between adjoining mycoplasma cells, from which deposited gold particles may be hard to remove by the washing procedures.
The mAbs available for the investigation were not specific for the individual Vsps. However, the distribution patterns of the individual Vsps could be determined, due to the availability of clones expressing only one of the Vsps (Fig. 1) . It appeared that the four Vsps have identical distribution patterns on the cell surface, as shown for VspA in Fig. 4 and for VspC in Fig. 2 .
Sixteen of the 18 clones investigated did not differ significantly in the percentage of cells labelled by mAb 1E5. The reason for the significantly lower percentage of labelled cells of clone 18 is obviously the absence of VspA, VspB, VspC and VspD. The low percentage of labelled cells of clone 18 may be the result of the antigenic variability (Behrens et al., 1994a ; Rosengarten e t al. , 1994) .
The significantly higher percentage of labelled cells of clone 8 is hard to explain. It could be dependent on the double antigen expression of VspA and VspD, but could also be a result of the antigenic variability (Table 1) .
No correlations were detected between the numbers of labelled cells in immunoelectron microscopy and the numbers of labelled colonies in IBA, although the same broth cultures were used for both studies. The only difference was that in the electron microscopic analyses the cells of the broth culture, and in IBA the progeny of the broth culture cells, were visualized. It is unlikely that the significant preponderance of positive colonies in IBA is due to a switch from negative to positive at a very early stage during colony growth. Previous IBA analyses demonstrated that both positive and negative clones were relatively stable. The progeny of a positive colony was predominantly positive and the progeny of a negative IP: 54.70.40.11
On: Sat, 29 Dec 2018 05:07:29 A. B E H R E N S and OTHERS colony predominantly negative (Behrens et al., 1994a ; Rosengarten e t al., 1994) . It is more likely that some positive cells developed within the progeny of a negative cell and that these few cells could bind enough mAbs and peroxidase-labelled second antibodies to stain the colony. Glutardialdehyde fixation did not have an influence on the staining pattern since fixed and unfixed cells showed the same percentage of labelled cells (data not shown).
The percentage of labelled cells was, with the exception of clone 18, significantly lower with mAb 87-2 than with mAb 1E5 (Table 2 ). This may be due to a certain degree to the lower titre of mAb 87-2, which could be diluted only 1 : 2 for immunoelectron microscopic analyses, whereas mAb 1E5 could be used in a dilution of 1 : 30. From the fact that mAb 1E5 recognizes all four Vsps, whereas mAb 87-2 recognizes only VspA and VspC, it can be concluded that the two mAbs bind to different epitopes. The epitope which is recognized by mAb 1E5 seems to be a more frequent one, and easily accessible. The epitope to mAb 87-2 may not be expressed in very high numbers on the Vsps and in addition may be less accessible. The significantly higher percentage of cells of clone 18 immunostained by mAb 87-2 is probably due to the cluster of the five proteins with molecular masses between 50 and 33 kDa, which appeared to be immunostained in Western blots with mAb 87-2 (Fig. 1) . These five proteins are also strongly expressed in clone 11 and M. bovis PG45, probably contributing to the higher percentages of immunostained cells (which, however, are not significant at the 95 % probability level). (Table 1) or previous biochemical investigations (Behrens et al., 1994a; Rosengarten et al., 1994) .
